Lack of proper maintenance and repair of Detroit Salt Mine, during the life of the 90-year old facility and an aggressive subsurface environment, presented many unusual design issues. The technical note describes how the mine stabilization and closure design addressed the issues and ensured that ground water was controlled at all phases of the construction. It introduces the design challenges for the stabilization and the closure of the Salt Mine which includes design of the stabilization measures in the mine to ensure long term stability, and concrete plugs in two mine shafts to prevent long-term leakage into the mine and subsequent solution of the salt. The design includes grouting in and around the shaft plugs including two-state cement and chemical curtain grouting in the rock surrounding the plug and high-pressure contact grouting at the concrete-soil and concreterock interface. The paper addresses the selection of plug locations, plug geometry, concrete mix design, cooling of the concrete and grouting of the rock and rock/concrete interface.
Introduction
Salt production at the Detroit Mine stopped in 1983. Since then various attempts have been made to find a use for the mine, including storage of waste products, natural gas and compressed air for power generation. However, these uses for the mine have not proved economically feasible, and in order to minimize future maintenance of the mine, the owner hired Acres International to design a closure system for the mine. The room and pillar mine workings are stable with no signs of salt movements or rock distress. However, significant leakage occurs at the shafts. The main objectives for the closure design was to seal the shafts and prevent water inflow into the mine. Long term seepage into the closed mine could result in solution of the salt and progressive collapse, potentially to the surface.
The intent of the design of the closure system was to seal the shafts to prevent leakage into the mine and preserve the current mine stability. Closure of the mine will eliminate the long-term maintenance and repairs needed to provide safe access for inspection and pumping of water from the mine.
Mine development
The Detroit Mine is located in the Detroit, Allen Part and Melvindale Townships south of the River Rouge in Detroit. The mine is adjacent to a large Ford Motor Company Plant and extends under a mixture of residential and heavy industrial properties. A major railroad crosses above the mine in a northeast direction. The mine construction was started in 1906 with the sinking of Shaft No. 1 which took five years to complete. Very difficult ground and artesian water conditions were encountered as described in a paper by Fay (1911) .
Construction of a second shaft followed, believed to have been completed in 1922. Over the next 8 to 10 years, extensive repairs were performed on both shafts. Two 42-inch diameter (1.07m) pipes were installed in shaft No. 1 and the shaft was backfilled around the pipes with concrete. It is believed that this was an attempt to control leakage into the shaft. Extensive repairs were made to the No. 2 shaft. Sections of the concrete living were replaced and at some time later, a brick living was placed in the shaft. The No. 1 shaft was used for backup and emergency personnel access with a two-level man cage in each of the 42-inch (1.07m) diameter inner shaft pipes. No. 2 shaft was used for hauling salt. The bottom of the No. 2 shaft was equipped with loading pockets. After some initial mining at the A salt level, salt production was switched to the B level and continued at that level for the remainder of the mine operation. Salt was mined from about 1910 to 1983 by a room and pillar method with about 50 percent extraction. The layout of the mined areas is irregular, to suit mining rights and sensitive property, such as a railroad corridor. The mine covers approximately two square miles. The mine is dry with no water leakage except at the shafts. Some pools of water occur within the mine. The water is thought to be associated with condensation from the ventilation system or connate water from the salt itself.
Regional and site geology
The Detroit Salt Mine is located near the southeastern edge of Michigan Basin. The Michigan Basin is a broad, subsidence structure that covers most of the state of Michigan. It is bounded by platformal sedimentary rock formations to the west, south and east. To the north it is bounded by the Canadian Shield, consisting of metamorphic and igneous rocks. The platformal rock formations are divided into the Ohio Basin and the Appalachian Basin that lie to the east and southeast of the Michigan Basin. The basin is distinct areas divided by arches where relatively little or no subsidence occurred. The Findlay Arch that lies to the south of the Detroit Salt Mine divides the Michigan Basin from the Appalachian Basin. The development of these basins contains many common rock formations, built of particular relevance to this project is the presence of the Salina group, which is a thick series of bedded salts, carbonates and evaporates.
The geology of the immediate area of the Detroit Salt Mine was derived from logs of the mineshafts, exploratory core holes and nearby oil, gas and brine wells. Figs. 1 
Groundwater
The groundwater hydrology in the vicinity of the Detroit Salt Mine was determined from logs of the mineshafts and most recently in the drilling of DH01, a salt disposal well installed in 1994.From the surface down to a depth of 680 ft (207.4 m), several major water-bearing zones were encountered. Artesian conditions are encountered at depths of 85 ft (26 m) to 100 ft (30.5 m) (top of rock) and 170 (52m) to 190 ft (58 m) (Lucas Dolomites). The groundwater is generally of poor quality and highly charged H 2 S at depths below 980ft (24.4 m). Seepage of groundwater into the shaft from the shaft penetrations is currently collected by a system of gravity feed lines into sumps and tanks at mine level and subsequently pumped to the ground surface for disposal.
Present leakage rates are 30 gpm (113 liters/minute) for shaft No. 1 and 20 gpm (71 liters/minute) for shaft No. 2. Periodic measurements indicate that these rates are increasing. Historical data indicates that the aquifers penetrated by the shafts are under artesian head of about 20 ft (6.1 m) as measured at the ground surface. This is consistent with recent report (Raven 1992) of "super 
Mine closure design
The primary objective in the design of the mine closure was to seal the shafts and prevent leakage into the mine, which would cause solution of the salt and result in mine instability. To meet this primary objective, it was decided to construct concrete plugs in each shaft. The plugs were located as high as possible in the shaft to minimize the hydrostatic head on the plugs at the same time ensuring that the plus were below any potential leakage zones. The plug location selected was within a competent dolomite and shale stratum 300 ft (91.5 m) above mine level.
Because of the possibility of artesian flow from the shaft once the lower plugs are installed, a second plug is required at the top of the shaft. The upper plugs also serve as protection caps to the top of the shafts.
Factors considered in the design of plugs
The following factors are considered in the design of the underground plugs (Auld 1982 , Flugge 1967 , Jaeger et al 1979 , Lancaster 1964 , Manning 1961 , Timoshenko et al 1961 ; The purpose for which the plug is to be constructed, the type of excavation in which the plugs are to be installed, where the plugs are to be sited in relation to the prevailing rock and working conditions, plug shape, hydrostatic head on the plug, the condition of and the stress in the rock surrounding the plug, the strength of, and stresses in, the material of the plug; and the method of plug construction.
One of the most important factors considered in deciding where to place a plug is the condition of the surrounding rock. Detailed geologic evaluations are carried out to locate the plug in the rock, which is free from geological disturbances which could provide a leakage path for water, not in or near the fracture zones of highly stressed ground resulting from mining excavations; and not in the ground likely to be affected by subsequent ground movement resulting from external disturbances. Figs. 1 and 2 show the arrangement of the upper and lower plugs. This concrete plug is un-reinforced and incorporates a taper to ensure compressive stress over the entire rock/ concrete area. The resistance to the applied hydrostatic pressure is achieved through mechanical interlock with the rough excavation face of the surrounding rock. Garret and Campbell Pitt (1961) considered plug length to be governed more by leakage resistance around the sides and through the surrounding rock than by structural strength. The long plug length required for leakage resistance also ensures low shear and bearing stresses at the concrete to rock interface. The plug design required that the concrete lining be completely removed to ensure that leakage paths at the rocklining interface were intercepted. The rock excavation for the tapered plug also ensured that rock disturbed by the blasting for the original shaft excavation would be removed.
Factors considered when evaluating the stresses in, and strength of, the plugs include concrete compressive strength, the early state development of strength, the shear or bearing stress at the plugs to rock interface, the pore water pressure in the concrete, and the possible end spalling of the plug due to high stresses set up by ground pressure. Early state development strength is very important because it is essential that plugs develop their specified strength without any detrimental effects occurring from shrinkage, thermal changes or ground pressure. Steps are, therefore, taken to overcome these factors, to protect the integrity of the concrete and to minimize leakage path, it is observed that a longer length of plug is provided than is necessary for structural strength purposes. Note that knowledge of porewater pressure behaviour within a concrete plug is very limited. Therefore, a pressure gradient is assumed to exist from the hydrostatic pressure at the face in contact with the impounded water to zero at the other end. Garett and Campbell (1958) proposed an approach, which is based on the observation that the resistance of the plug to passage of water along its contact with rock or through the adjacent fractured rock depends on the length of the plug and the resistance of the rock to the passage of water. They observed that these two factors are interrelated by the pressure gradient through the rock as the linking medium. They also determined the minimum length of the plug if the contact between plug and rock was un-grouted, as follows: 
Selected Plug Arrangement
It was determined that a 20 ft (6.1 m) long plug was necessary to satisfy the above criteria. However, due to the uncertainties associated with the shaft and rock conditions and the importance of long-term performance of the plugs, an additional factor of safety of 1.5 was applied to the plug lengths. Provisions were also made for grouting of the surrounding rocks and rock/ concrete interface as additional safety measures.
Concrete mix designs
Considerations are made to provide the right balance of ingredients to suit the particular mode of transportation and placing being used and to make sure that the optimum design is achieved. In addition to strength, the most important factor for the mix design is to obtain the correct workability. For this underground work, it is essential that high workability mixes be used. A mix design is, therefore, developed by the inclusion of plasticizing admixtures for transporting and placing. Also, cement replacement materials to minimize the thermal effects, which are discussed below:
Thermal and shrinkage effects
It is preferable to pour a concrete plug in one operation to avoid construction joints, which may form potential leakage paths through the plug. However, the large volume of concrete required for mass filing [310 cu.yd ) for shift #2] can be subjected to detrimental thermal effects during setting. The resulting shrinkage is dependent upon the amount of cement included in the mix. Internal build up of heat due to the cement hydration process induces a high thermal stress. On cooling, thermal cracking may result and the integrity of the structure would be impaired. The three elements for effective temperature control program are used for the project, namely, cement content control, where particular type and amount of cements material (Type IV cement with fly ash and 2 inch (5.1cm) course aggregate) is used to lessen the heat generating potential of the concrete. Secondly, precooling, where cooling of ingredients (set of 50 o F by removing approximately 25,000 btu from the concrete components using liquid nitrogen) achieves a lower concrete temperature as placed in the plug, and finally post-cooling, where removing heat from the concrete with embedded cooling coils limit the temperature rise in the plug. Fig. 3 shows the post cooling measures for the plug concrete to limit the concrete temperature rise as minimal as possible. It was also decided to cast the concrete in two lifts in order to reduce the stresses in the supporting formwork and to provide more effective cooling systems. Chilled water is to be circulated for 7 days after lift 1 is placed. Plug cooling is to be continued for 21 days or until the ambient temperature of the surrounding rock is reached.
Control of water during plug construction
A crucial element of the design of the shaft plugs was control of the seepage into the mine and shafts during the construction of the plugs. The design incorporated a drainage collection system and temporary pumps to keep the construction area dry until the plugs could be concreted and grouted. Fig. 4 show the water collection system during the construction of the shaft 2 plugs. Back up system was specified to ensure safety of workers in the shafts. Design provisions were also made for the dewatering of the shafts for the upper plugs, should the shaft flood and fill before construction of the upper plugs is completed. 
Grouting and mine stabilization
The following describes the design for the stabilization of the Detroit Salt Mine, which includes design of the stabilization measures in the mine, to ensure long term mine stability, to prevent long-term leakage into the mine and subsequent solution of the salt. The design includes grouting in and around the shaft plugs including two-stage cement and chemical curtain grouting in the rock surrounding the plug and high-pressure contact grouting at the concrete-soil and concrete-rock interface. The intent of the grouting program was to stabilize the mine floor levels A and B, reduce the permeability of the rock surrounding the plug and to fill all voids created as a result of concrete placement or shrinkage.
A comprehensive grouting program to be executed include, cement and chemical grouting. 
Cement grouting
This include consolidation and backfill grouting of voids and unstable zones below pillars and concrete piers level A and level B in the mine, primary curtain grouting at the concrete plugs in both shaft Nos. 1 and 2, and sealing and grouting of holes, penetrations, dewatering pipes, coolant pipes and grouting tubes at and in the shaft plugs. Fig. 5 shows the extent of new voids developed in mine flow level A since 1980 repair and grout pipe installed in void to inject cement grout to fill the voids. It also includes exploratory holes to be used as grout holes if required. Fig.  6 shows the voids at base and below piers in mine floor level B. Also shown are the grout pipes to fill the voids with grout and grout hole to extend 25 ft. (7.63 m) below base of pier. Also shown some detail of grout hole locations, and approximate area of salt pillars requiring restoration by means of grout placement. Grouting also includes voids at base and below piers. Fig. 7 shows some typical sections at B salt level with approximate area of salt pillars requiring restoration by means of grout placements. Grout holes to extend approximately 45 ft. below the mine flow. Fig. 8  and 9 show primary curtain grouting at the concrete plugs in shafts 1 and 2 lower plugs respectively. These holes are 2 inch (5.1 cm) in diameter and 20 ft. (6.1m) deep inside the rock making approximately 10 degrees with the horizontal. Grout holes to fill the voids as shown on the drawings and as modified by the investigation programs were carried out. Stage grouting techniques were planned. Maximum length of grout stage will be 10 ft (3.05 m) unless otherwise mutually agreed between Contractor and Engineer. There are various approaches to evaluate the suitability and effectiveness of cement-based suspension grouts injected in a particular formation in soil or rock grouting. The amenability theory, now commonly used in North America (Raven 1992) , will be used as the basis of assessing the suitability and effectiveness of the suspension grouting specified herein. Grout will be mixed in batches of suitable size to permit grout formulations to be varied quickly to suit the response of the formation and achieve maximum amenability.
Grouts mixes will be used for void filing at mine level. Since some applications of this grout are intended to be restricted or confined to a predetermined lateral spread, depending on the amenability of the formation and the amount of grout already injected into that specific zone, a viscosity modifier would be used, only marginally influencing the grout rheology at high-shear rates, but causing a substantial increase in viscosity in the cement grout when moving slowly or at rest. Furthermore, a retarder, such as Polycast LSR, or approved equivalent, will be used to allow the formation to be recessed after 24 hours (Raven 1992) .
All grout holes/zones will be grouted to refusal. A zone or hole is brought to refusal once the grout flow rate to the hole/zone has been registered to be less than 09.10 gallons per minute (gpm) for a minimum of 20 minutes at the maximum allowable effective grouting pressure. Maximum allowable grouting pressure for a hole/zone will be one psi per foot (22.6 kPa/m) of depth or surface cover at the interval being grouted, or as mutually agreed between contractor and engineer. If a backpressure exists after the grouting of a hole is completed, cap the hole until the pressure falls to a negligible amount.
Chemical grouting
After construction of the plug and cooling to ambient temperature, contact grouting of the rock/cement interface takes place. If water is present, contact grout with a water reactive, flexible, hydrophobic polyurethane resin is done. On the other hand, if no water is present, contact grout with a two component polyurethane elastomer with hydrophilic antennas is carried out. When the contact grouting is complete, a second stage rock-grouting program using an acryl amide grout in predrilled holes surrounding the plug commences.
Contact grouting -Contact grouting of shaft plugs involves injection of grout to fill annular space at rock/ concrete interface or a concrete construction joint. A porous tub ½ inch (1.27cm) diameter with spiral steel reinforcement will be used as contact grout injectable tubes to prevent collapse during placement of concrete and woven membrane, which will not allow passage of cement particles but will allow easy passage of polyurethane grout. Steel tube ½-inch (1.27 cm) internal diameter rated for 1,000 psi (6890 kPa) internal pressure complete with all connections, valves and fittings will be used for feeder tube for polyurethane grout. ½-inch (1.27 cm) diameter stainless steel pipe rated for two times maximum pump pressure complete with all connections, valves and fittings will be used for grout pipes for acrylamide grout. Contact grouting involves the following procedure:
Injectable grout tube will be secured directly to rock or concrete surface with fastening clips at maximum 6-inch (15.2 cm) spacing or as necessary to maintain tube in contact with rock or concrete during the placing of concrete. Sufficient tension tube will be used so as not to allow movement of the tube during concrete placement while maintaining the tube in contract with the concrete or rock surface. Each injectable tube shall form a continuous ring or loop around the plug. Overlap is minimum of 6 inches (15.2 cm).
At least one feeder tube will be installed per 12 ft (3.67m) of injectable tube. The tube shall be properly connected to injectable tube via T-pieces, heat-shrink connections as well as mechanical connections. Each feeder tube will be fastened to a reinforcing rod to prevent it from being pulled out of its connection-fitting with the injectable tube. Each feeder tube shall be numbered for easy identification.
Grout will be injected into one end of the grout tube until undiluted grout return is observed at the next feeder tube. At this time, this tube can be brought on line and pressurized as well, during a multiple hole-grouting program. If the grout travels properly throughout the injectable tube forming one ring, some feeder tubes of the first grouted ring can be disconnected and the valves shut. These process continues until all feeder tubes, connection to one ring, are on line. Grout until connection with the adjacent ring has been established. At this point, the new ring is brought on line. Grouting will be continued until the entire contact zone has been grouted and grout is expelled on both ends of the plug.
Secondary curtain grouting -Secondary curtain grouting will be performed at shaft plugs, which involves injection of chemical grout into rock mass, to fill open fractures or voids in the rock structure in order to decrease the permeability of the rock mass. The intent of the secondary curtain grouting is to reduce the rock mass permeability to 1 x 10 -7cm/sec.
The following grout ingredients will be used: Monoacrylamide powder containing the cross linker, activatortri-ethanol-amine (T+), initiator -ammonium persulfate (AP), inhibitor -potassium ferricynade (KfeCN), buffersodium bicarbonate, water and dye.
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The following procedure will be followed: Secondary curtain grouting will be performed with acrylamide grout at shaft bottom plugs after primary cementitious grouting is performed, concrete plug is placed, and contact grouting is completed. Grout pipes will be installed from secondary curtain grouting holes to 2 ft (0.61m) above plug concrete surface. Pipes at surface of plug will be leveled. Pipes will be secured to prevent movement during concreting and protect from damage. Grout pipes will be inserted 2 ft (0.61m) into the grout hole and the annulus between boreholes and grout pipe will be sealed with fast set cement mortar to prevent concrete from entering boreholes. Seal will be adequate to prevent the permeation of the contact-grout into the secondary grout holes. Surface of the mortar will be treated with polyurethane or epoxy coating to prevent permeation of the contact grout.
In-situ hydraulic conductivity test will be performed with real time monitoring. Gel time will be determined from the tests. Holes with similar in-situ permeability coefficient will be identified for multiple hole-grouting programs.
Summary and conclusions
Stabilization and design of the closure system of a salt mine in Detroit, U.S.A. was undertaken with a view to seal the shafts, so as to prevent leakage into the mine, preserve the mine stability and eliminate the long-term maintenance and repairs needed to provide safe access for inspection and pumping of water from the mine.
Concrete plugs were to be constructed below and above all potential leakage zones, after detailed geologic evaluation of the structural conditions of the surrounding rocks.
Provisions were to be made for cement and chemical grouting of the surrounding rocks and the rock/concrete interface, as additional safety measures. In-site hydraulic conductivity tests are to be performed with real time monitoring. Holes with similar in-situ permeability coefficient are to be identified for multiple grouting.
Detailed design is recently concluded and bid is open for the construction.
